Abstract. Long-term average groundwater recharge, which is equivalent to renewable groundwater resources, is the major limiting factor for the sustainable use of groundwater. Compared to surface water resources, groundwater resources are more protected from pollution, and their use is less restricted by seasonal and inter-annual flow variations. To support water management in a globalized world, it is necessary to estimate groundwater recharge at the global scale. Here, we present a best estimate of global-scale long-term average diffuse groundwater recharge (i.e. renewable groundwater resources) that has been calculated by the most recent version of the WaterGAP Global Hydrology Model WGHM (spatial resolution of 0.5 • by 0.5 • , daily time steps). The estimate was obtained using two state-of-the-art global data sets of gridded observed precipitation that we corrected for measurement errors, which also allowed to quantify the uncertainty due to these equally uncertain data sets. The standard WGHM groundwater recharge algorithm was modified for semi-arid and arid regions, based on independent estimates of diffuse groundwater recharge, which lead to an unbiased estimation of groundwater recharge in these regions. WGHM was tuned against observed long-term average river discharge at 1235 gauging stations by adjusting, individually for each basin, the partitioning of precipitation into evapotranspiration and total runoff. We estimate that global groundwater recharge was 12 666 km 3 /yr for the climate normal 1961-1990, i.e. 32% of total renewable water resources. In semi-arid and arid regions, mountainous regions, permafrost regions and in the Asian Monsoon region, groundwater recharge accounts for a lower fraction of total runoff, which makes these regions particularly vulnerable to seasonal and inter-annual precipitation variability and water pollution. Average per-capita renewable groundCorrespondence to: P. Döll (p.doell@em.uni-frankfurt.de) water resources of countries vary between 8 m 3 /(capita yr) for Egypt to more than 1 million m 3 /(capita yr) for the Falkland Islands, the global average in the year 2000 being 2091 m 3 /(capita yr). Regarding the uncertainty of estimated groundwater resources due to the two precipitation data sets, deviation from the mean is 1.1% for the global value, and less than 1% for 50 out of the 165 countries considered, between 1 and 5% for 62, between 5 and 20% for 43 and between 20 and 80% for 10 countries. Deviations at the grid scale can be much larger, ranging between 0 and 186 mm/yr.
Introduction
Groundwater recharge is the major limiting factor for the sustainable use of groundwater because the maximum amount of groundwater that may be withdrawn from an aquifer without irreversibly depleting it, under current climatic conditions, is approximately equal to long-term (e.g. 30 years) average groundwater recharge. Therefore, long-term average groundwater recharge is equivalent to renewable groundwater resources. Depletion of non-renewable ("fossil") groundwater resources by human water withdrawals can be quantified by comparing withdrawal rates to groundwater recharge. Groundwater recharge either occurs, locally, from surface water bodies or, in diffuse form, from precipitation via the unsaturated soil zone. Long-term average diffuse groundwater recharge is the part of precipitation that does not evapotranspirate and does not run off to a surface water body on the soil surface or within the unsaturated zone. Only diffuse groundwater recharge is taken into account in this paper, as groundwater recharge from surface water bodies cannot be estimated at the macro-scale. In semi-arid and arid regions, outside the mountainous headwater regions, neglecting groundwater recharge from surface-water bodies may lead to a significant underestimation of total renewable
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In most regions of the world, a large part of groundwater recharge is transported to surface waters, and is thus included in estimates of surface water resources derived from river discharge measurements (groundwater close to the coast may discharge directly into the ocean, and in semi-arid and arid regions, a part of the groundwater recharge evapotranspirates before discharging into a river). Nevertheless, it is useful to quantify groundwater resources separately. First, they are much better protected from pollution than surface water resources. Second, the use of groundwater resources is much less restricted by seasonal or inter-annual flow variations (e.g. drought periods) than the use of surface water. To support water management in a globalized world, it is therefore necessary to estimate, in a spatially resolved way, groundwater recharge and thus renewable groundwater resources at the global scale.
Different from surface water resources, groundwater recharge cannot be easily measured. While surface water resources are concentrated in the river channels of a drainage basin and thus can be determined by measuring river discharge, groundwater recharge, like precipitation, is distributed spatially, and a very large number of measurements would be necessary to obtain a good estimate for a sizeable area. Besides, groundwater recharge, unlike precipitation, cannot be directly measured as a volume flow but must be determined by a variety of indirect methods where either the unsaturated zone or the groundwater is analyzed (Lerner, 1990; Simmers, 1997; Scanlon et al., 2002) . In humid regions, groundwater recharge is generally estimated from the baseflow component of measured river discharge. However, it is well known that computed baseflow values strongly depend on the method that has been applied for baseflow analysis such that baseflow indices (baseflow as a fraction of total flow) can vary by a factor of 2 (Tallaksen, 1995; Bullock et al., 1997; . Besides, baseflow analysis does not lead to meaningful results if gauging stations are downstream of large reservoirs, lakes or wetlands (L'vovich, 1979) . Baseflow analysis in semi-arid and arid regions is likely to lead to an underestimation of groundwater recharge, as part of the recharge evapotranspirates before reaching (larger) rivers (Margat, 1990:33) . Finally, it must be kept in mind that the concept of renewable groundwater resources and its relation to groundwater recharge and baseflow is scale-dependent as a part of the groundwater recharge might reappear as surface water after a very short travel distance.
The first global-scale study of groundwater recharge was accomplished by L'vovich (1979) , whose global map of groundwater recharge was based on the estimation of the baseflow component of observed river discharge. A number of institutions have compiled global lists of country values of groundwater recharge (Margat, 1990; WRI, 2000; FAO, 2003 FAO, , 2005 . In the compilation of WRI (2000), many values stem from Margat (1990) which again often used estimates of the global analysis of L'vovich (1979) . The most recent estimates of groundwater recharge per country have been compiled by FAO (2005) , and include mainly data collected for FAO country reports (150 countries) and data from national sources, but a few country values are still those of the global-scale analysis of L'vovich (1979) . The country values of groundwater recharge have been obtained by very diverse methods mostly in the 70s, 80s and 90s of the 20th century. WRI (2005a, b) , in their presentation of the FAO (2005) groundwater recharge values, warn that "all data should be considered order-of-magnitude estimates" and that "cross-country comparisons should therefore be made with caution". Comparing WRI (2000) and FAO (2005) estimates, for the 131 countries for which values exist in both data sets, 69 country values are the same, while 14 country values differ by more than 50%.
After L'vovich (1979) , no other global-scale analysis was performed until obtained the first modelbased estimates of groundwater recharge at the global scale. With a spatial resolution of 0.5 • geographical latitude by 0.5 • geographical longitude, diffuse groundwater recharge for the climate normal was estimated with the global hydrological model WGHM (WaterGAP Global Hydrology Model, Döll et al., 2003; Alcamo et al., 2003) . In that version of WGHM, long-term average total runoff, i.e. the sum of groundwater recharge and fast surface and subsurface flow, was tuned against observed river discharge at 724 stations world-wide by adjusting basin-specific parameters. Later, the WGHM groundwater recharge algorithm was improved for semi-arid and arid regions, and the model was used to estimate the impact of climate change on groundwater recharge (Döll and Flörke, 2005) . The model was also applied to analyze the contribution of groundwater to largescale water storage variations as derived from gravity measurements of the GRACE satellite mission (Güntner et al., 2007a, b) . The analysis showed a large spatial variability of groundwater storage dynamics, both in absolute values and as a fraction of total water storage. As expected, because of its longer residence times, groundwater can decrease the seasonal variation of total water storage, and it tends to have a larger contribution to total storage change for interannual than for seasonal storage dynamics. Besides, WGHM groundwater recharge estimates were included in the Hydrogeological Map of Africa of Seguin (2005) .
The goal of this paper is to present the most recent estimates of groundwater recharge at the global scale as obtained with the new WGHM version 2.1f for the time period . This new model version differs from the former versions by, among other changes, an increased number of now 1,235 river discharge observation stations that are used to tune the model. These stations lead to an improved spatial representation of total runoff (Hunger and Döll, 2008) , and thus probably groundwater recharge. Besides, two state-ofthe-art precipitation data sets are used as alternative model inputs, in order to characterize the important uncertainty of estimated groundwater recharge that is due to uncertainty of global-scale precipitation estimates. Precipitation is the major driver of groundwater recharge; for areas with arid to humid climate in southwestern USA, Keese et al. (2005) found the mean annual precipitation explains 80% of the variation of groundwater recharge. WGHM groundwater recharge estimates will be included in the Global Map of Groundwater Resources developed in UNESCO's "World-wide Hydrogeological Mapping and Assessment Program" WHYMAP (http://www.whymap.org, final release summer 2008).
Other hydrological models as well as the land surface schemes of climate models also compute variables that could be considered as diffuse groundwater recharge. To our knowledge, however, these model outputs have not yet been analyzed and interpreted at the global scale. In the Second Global Soil Wetness Project, for example, where the output of 13 land surface models was compared, groundwater recharge was lumped with interflow (Dirmeyer et al., 2005) .
In the next section, we present the WGHM approach of modeling groundwater recharge as well as the precipitation data sets. In Sect. 3, we show the computed global groundwater recharge and resources maps including a quantification of the error due to precipitation uncertainty and compare groundwater resources to total water resources. In Sect. 4, we discuss the quality of the results, while in Sect. 5, we draw some conclusions.
Methods and data

Model description
A detailed presentation of the WaterGAP Global Hydrology Model (WGHM), including process formulations, input data, model tuning, and validation is given by . The newest model version WGHM 2.1f is presented by Hunger and Döll (2008) . Here, a short model overview is provided, and the groundwater recharge algorithm is described in detail.
WGHM overview
The WaterGAP 2 model (Alcamo et al., 2003) includes both the global hydrological model WGHM and a number of water use models that compute consumptive and withdrawal water use for irrigation (Döll and Siebert, 2002) , livestock, industry (Vassolo and Döll, 2006) and households. Therefore, in WGHM, river discharge reduction due to human water use can be taken into account by subtracting consumptive water use (water withdrawals minus return flows) from surface water bodies. It is assumed that total consumptive water use is taken from surface waters (Fig. 1) as there is currently no information, at the global scale, on the fraction of total water withdrawal that is abstracted from groundwater.
WHGM simulates the vertical water balance and lateral transport with a spatial resolution of 0.5 • by 0.5 • , covering the global land area with the exception of Antarctica (66 896 Fig. 2 . Location of 1235 river discharge stations for basin-specific tuning, location of independent estimates of groundwater recharge, and semi-arid and arid areas where modified groundwater recharge algorithm was applied.
cells). Figure 1 shows the storages and fluxes that are simulated for each grid cell with a time step of 1 day. It is assumed that groundwater recharged within one cell leaves the groundwater store as baseflow within the same cell. Water flow between grid cells is assumed to occur only as river discharge, following a global drainage direction map . Water flow from surface water bodies to groundwater is not taken into account. For each time step, the net runoff of each cell is computed as the balance of precipitation, evapotranspiration from canopy, soil and surface waters, and water storages changes within the cell.
WGHM is tuned, individually for 1235 large drainage basins, against observed long-term average river discharge (Fig. 2) by optimizing a parameter in the soil water balance algorithm, the so-called runoff coefficient, and, if necessary, by introducing correction factors (Hunger and Döll, 2008) . By tuning, the difference between long-term average precipitation and evapotranspiration, i.e. total runoff, in each tuning basin (during the observation period) becomes equal to long-term average observed river discharge. Given the large uncertainties of both the climate input data (in particular precipitation) and the hydrological model, this type of tuning helps to obtain rather realistic water flows in the basins. However, in semi-arid and arid regions, tuning is likely to lead to an underestimation of runoff generation, as river discharge at a downstream location is likely to be less than the runoff generated in the basin, due to evapotranspiration of runoff and leakage from the river. The tuning basins cover almost half of the global land area (except Antarctica and Greenland). For the remaining river basins, the runoff coefficients are obtained by regionalizing the runoff coefficients of the tuning basins. This was done by a multiple regression analysis which relates the runoff coefficient for all the grid cells within the basin to the following basin characteristics: long-term average temperature, fraction of open water surfaces and length of non-perennial rivers . Outside the tuning basins, the correction factors are set to 1.
Groundwater recharge algorithm
Daily groundwater recharge R g is computed as part of the vertical water balance of each grid cell (Fig. 1) . In order to calculate R g , total runoff from land R l is partitioned into fast surface and subsurface runoff R s and groundwater recharge R g . Following a heuristic approach, this is done based on qualitative knowledge about the influence of the following characteristics on the partitioning of runoff: relief, soil texture, hydrogeology and the occurrence of permafrost and glaciers. With steeper slopes, finer soil textures and less permeable aquifers, groundwater recharge as a fraction of total runoff from land is expected to decrease, and permafrost and glaciers are assumed to prevent groundwater recharge. Besides, soils have a texture-related infiltration capacity, which, if exceeded in case of intense rainfalls, prevents groundwater recharge (causing surface runoff to occur); the finer the soil texture, the lower the infiltration capacity. Accordingly, R g is computed as
groundwater recharge factor (0≤f g <1) f r = relief-related factor (0<f r <1) f t = soil texture-related factor (0 ≤f t ≤1) f h = hydrogeology-related factor (0<f h <1) f pg = permafrost/glacier-related factor (0≤f pg ≤1)
A number of other possible physio-geographic characteristics like land cover, precipitation, surface drainage density and depth to groundwater have not been included in the algorithm for various reasons. Haberlandt et al. (2001) found, in their study on baseflow indices BFI (baseflow as a ratio of total runoff from land) in the Elbe basin that the proportion of forest and arable land (i.e. land cover) in sub-basins of or below the size of 0.5 • grid cells only had a weak influence on BFI. Precipitation was not included as a predictor in Eq. (1) as 1) it is already included as an inflow to the model, and 2) two regional-scale regression analyses of BFI lead to conflictive results. In the Central European Elbe basin, where more rain falls in mountainous areas, there was a strong negative correlation between BFI and precipitation (Haberlandt et al., 2001 ). The opposite behavior was found in Southern Africa where more rain falls in the northern flat regions (Bullock et al., 1997) . Depth to groundwater and surface drainage density, which were identified by Jankiewicz et al. (2005) as good predictors for estimating groundwater recharge in Germany at a spatial resolution 1 km by 1 km (in addition to total runoff, soil texture, slope, and land cover), are not available at the global scale at all or not at an appropriate resolution, respectively. Besides, in the regression analysis of Jankiewicz et al. (2005) , the depth to groundwater was found to have the opposite effect in areas with high (>200 mm/yr) vs. low total runoff.
Global-scale information on relief (G. Fischer, IIASA, personal communication, 1999) , soil texture (FAO, 1995) , hydrogeology (Canadian Geological Survey, 1995) and the occurrence of permafrost and glaciers (Brown et al., 1998; Hoelzle and Haeberli, 1999 ) was available at different spatial resolutions and is described in more detail in Appendix A. The cell-specific values of all four basic factors and of the texture specific maximum groundwater recharge in Eq. (1) were computed by first assigning values to the attributes of the global data sets (e.g. a f t -value of 1 was assigned to coarse, a f t -value of 0.7 to fine soil texture, Appendix A2). Then, the values were upscaled to 0.5 • by 0.5 • .The specific values for the four factors f r , f t , f h and f pg are expert guesses that have been adjusted iteratively by comparing the resulting spatial distribution of groundwater recharge and base flow indices with the global map of L'vovich (1979) as well as regional maps for the Elbe basin (Haberlandt et al., 2001) , Southern Africa (Bullock et al., 1997) and Southwestern Germany (B. Lehner, personal communication).
For semi-arid and arid conditions, modeling of runoff and groundwater recharge is generally found to be more difficult than for humid areas, mainly due to the small values of these variables. Besides, river discharge measurements are not as indicative of groundwater recharge as under humid conditions, where most of the groundwater recharge reaches a river. However, under semi-arid and arid conditions, it is possible to estimate long-term average groundwater recharge based on the analysis of chloride profiles in the soil and isotope measurements. Such estimates for 25 locations which Fig. 3 . Improved modeling of groundwater recharge due to modified groundwater recharge algorithm for semi-arid regions: comparison of independent estimates of long-term average groundwater recharge for 51 grid cells in semi-arid regions with modeled values as computed with the standard and the modified algorithm (using GPCC precipitation).
are representative not only for the profile location but a larger area of 25 km by 25 km were compiled by Mike Edmunds (University of Oxford, personal communication, 2003) and were used to test the performance of Eq. (1), and to modify the groundwater recharge algorithm of WGHM for semi-arid and arid grid cells (Fig. 2) . In most cases, the data are representative for the 50-100 year period before the measurements. The observed data are from Northern and Southern Africa, the Near East, Asia and Australia (Fig. 2) . In addition, groundwater recharge as computed by a meso-scale hydrological model of the Death Valley region in southwestern USA (Hevesi et al., 2003) was taken into account. The meso-scale model results, which are representative for the time period 1950-1999, were upscaled to derive estimates for the 26 0.5 • grid cells of WGHM which cover the region (Fig. 2) .
We found that WGHM, with Eq. (1), significantly overestimates groundwater recharge at the semi-arid and arid observation sites, in particular groundwater recharge below 20 mm/a (Fig. 3 ). This could be caused by either an overestimation of total runoff (likely in semi-arid and arid basins without discharge measurements) or an overestimation of groundwater recharge as a fraction of total runoff. For the Death Valley region, WGHM overestimates total runoff by about an order of 10 (50 mm/yr instead of 5 mm/yr), which can only partially be explained by an overestimation of precipitation. Where the groundwater recharge fraction is overestimated, the preferred tuning method would be to modify P. Döll and K. Fiedler: Global-scale modeling of groundwater recharge the groundwater recharge factors in Eq. (1). However, an analysis of the 51 grid cells with independent estimates showed that an adjustment of the recharge factors cannot lead to the necessary decrease in groundwater recharge, as most cells that require a strong reduction of computed groundwater recharge have low relief, coarse soil and young sedimentary aquifers, which means that they should have relatively large groundwater recharge fractions. We concluded that the WGHM conceptual model of groundwater recharge is less appropriate for semi-arid than for humid regions, as, compared to humid regions, semi-arid and arid regions share the following characteristics:
-A larger variability of precipitation with more heavy rainfalls -Surface crusting in areas of weak vegetation cover, which strongly reduces infiltration into the soil -Reduced infiltration of heavy rain into dry soil due to pore air which has to be released first to allow the infiltration. Additionally, the moistening of dry soil surfaces is reduced due to hydrophobic behavior of dried organic materials.
-More infiltration and thus groundwater recharge in soils with fine texture as compared to soils with coarse texture. In very dry conditions, the low unsaturated hydraulic conductivity of sands, for example, leads to a lower infiltration capacity for sand as compared to loam, which, at the same matric potential, has a much higher water content and unsaturated hydraulic conductivity.
-In some regions, groundwater recharge only occurs via fissures in crystalline rock which allow the rainwater to leave the zone of capillary rise faster than in the case of sand. Rainwater that remains in the capillary zone evaporates due to high temperatures and radiation in semiarid regions. In humid regions, groundwater recharge in fissured crystalline rocks is expected to be lower than in sandy sediments.
Altogether, in semi-arid regions groundwater recharge appears to be confined to periods of exceptionally heavy rainfall (Vogel and Van Urk, 1975) , in particular if soil texture is coarse (Small, 2005) . Therefore, the computation of groundwater recharge in semi-arid and arid grid cells, with a medium to coarse soil texture, was modified such that groundwater recharge as modeled with Eq. (1) occurs only if the daily precipitation is larger than 10 mm/d. Following the definition of UNEP and the United Nations Convention to Combat Desertification (UNEP, 1992), semi-arid/arid grid cells are those with long-term average ) precipitation less or equal to half the potential evapotranspiration. The grid cells which obey this rule but are north of 60 • N were not defined as "semi-arid". This modification of the groundwater recharge algorithm resulted in an unbiased estimation of groundwater recharge ( Fig. 3 ) and also improved the correlation between observed and computed values (from R 2 =0.14 to R 2 =0.37)
Precipitation data sets
WGHM is driven by time series of 0.5 • gridded observed monthly climate variables between 1901 and 2002, including precipitation, air temperature, cloudiness and number of wet days (CRU TS 2.0 data set, Mitchell and Jones, 2005) . Daily observed climate data are not available globally at the 0.5 • resolution for a period of 30 years, i.e. long enough to average out temporal climate variability. Daily values for long periods of time can only be obtained from re-analysis, i.e. computations with general circulation models, but the computed precipitation fields do not capture the actual precipitation patterns in a satisfactory manner. This results in a less satisfactory simulation of observed soil moisture dynamics when used as input into land surface models (Guo et al., 2006) . Therefore, in this study, monthly observation-based climate data are scaled down to daily values. Downscaling precipitation from monthly to daily values is based on the number of wet days per month, assuming the same grid-cell precipitation on each wet day of a month, while daily temperature and cloudiness are obtained by cubic spline interpolation. For precipitation, the most important climatic driver of groundwater recharge, there is another 0.5 • gridded global data set of long duration, the GPCC Full Data Product Version 3, for 1950 -2004 (Fuchs et al., 2007 . The two different precipitation data sets are based on different methods for the spatial interpolation of observation data. For the CRU data set, 1961-1990 precipitation normals at 19 295 stations were combined with time series at less stations of temporally varying numbers to construct gridded time series from anomalies (New et al., 1999 (New et al., , 2000 . For the GPCC data set, only the station data available for the month of interest are taken into account, thus losing information on spatial variability from the precipitation normals. For the period 1961-1990, precipitation time series are available for about 15 000 stations (Fuchs et al., 2007) . The differences between the two precipitation data sets are large at the grid-scale (Fig. 4) . For some parts of the world, e.g. the Himalayas, the long-term average precipitation values differ by more than a factor of two, and for many parts of the world, by more than 20%. In the Himalayas, CRU precipitation seems to be shifted towards the Northeast as compared to GPCC. According to CRU, mean annual long-term average precipitation for 1961-1990 is 721 mm/yr over the continents, as compared to 708 mm/yr according to GPCC. Differences are larger for individual years. It is not possible to judge which of the two data sets better reflects actual precipitation. Therefore, both precipitation data sets are considered to be of equal reliability, and the best estimate of groundwater recharge is assumed to be equal to the mean of the groundwater recharge values obtained by using the two different precipitation data sets as input to WGHM.
None of the precipitation data sets is corrected for observational errors, i.e. the typical wind-induced undercatch of especially solid precipitation. We developed the following equation to correct the time series of gridded observed monthly precipitation P o , using catch ratios of Adam and Lettenmaier (2003) :
P c = corrected precipitation value [mm/month] CR = 0.5 • gridded mean monthly catch ratio (measured precipitation as a ratio of actual precipitation) for 1979-1998 R = snow as a fraction of total monthly precipitation (a function of monthly temperature) T = temperature of specific month T mean = average temperature The mean monthly catch ratios were obtained by analyzing the climatic conditions at 7898 climate stations between 1979 and 1998, and by taking into account the different gauge types that are in use around the world (Adam and Lettenmaier, 2003) . In some areas, extremely high values of CR in the data of Adam and Lettenmaier (2003) , which are likely due to the interpolation algorithm, were smoothed. Particularly low catch ratios are observed in case of snow. In case of precipitation time series, it is therefore important to correct e.g. precipitation in January 1965 more than in January 1966, if a larger fraction of precipitation fell as snow in January 1965 than in 1966. This adjustment was done using the empirical function R of Legates (1987) which relates snow as a fraction of total monthly precipitation to monthly temperature T , with
Correction of P o was limited to a range between 1 and 2.3. Correction by R(T )/R(T mean ) overestimates the impact of interannual variability of monthly temperatures on the necessary precipitation correction if catch ratios are not affected by snow, i.e. at high temperatures. If this correction is only applied at mean monthly temperatures below 3 • C, computed long-term average groundwater recharge is not significantly changed. The global value (ensemble mean using GPCC and CRU precipitation data) decreases by only 0.5%, and for 83.3% and 99.77% of all grid cells, long-term average groundwater recharge changes by less than 1 and 5 mm/yr, respectively. Correction of GPCC 1961-1990 precipitation according to Eq. (2) increased the global mean by 11.6%, from 708 mm/yr to 790 mm/yr, with increases of annual precipitation ranging between a few percent and 30% in most areas of the globe. The relative changes of the CRU precipitation due to correction are very similar. WGHM was tuned separately with each of the two precipitation data sets.
Results
Groundwater recharge
The global map of long-term average diffuse groundwater recharge for the period (Fig. 5a ) presents the ensemble mean of two WGHM model runs with either GPCC or CRU precipitation data as input. The mean represents a best estimate because the quality of the two precipitation data sets is judged to be equal. Both precipitation data sets have been corrected for observational errors by the same method. Grid-scale groundwater recharge ranges from 0 to 960 mm/yr, with the highest values occurring in the humid tropics. Values over 300 mm/yr are also computed for some parts of northwestern Europe and the Alps. Europe is the continent with the smallest fraction of regions with groundwater recharge below 20 mm/yr. Such low values occur in the dry subtropics and in Arctic regions (mainly due to permafrost).
Figure 5b shows the uncertainty of estimated groundwater recharge that is due to the use of two different precipitation data sets. The absolute difference between GPCC (or CRU) groundwater recharge per grid cell and the ensemble mean ranges between 0 and 186 mm/yr, and at the scale of the 0.5 • grid cell, the percent differences can be quite high (compare Figs. 5a and b) . The spatial pattern of uncertainty is due to the combination of 1) the often very high differences between the precipitation data sets (Fig. 4) , and 2) the runoff coefficients and correction factors, which are equal within each river basin and differ between the GPCC and CRU model runs.
The differences between the results for the two precipitation data sets become, in general, smaller with increasing size of the considered area, e.g. for countries (Appendix B) and continents (Table 1) . For 50 out of the 165 countries considered, the deviation from the mean was less than 1%, for 62 between 1 and 5%, for 43 between 5 and 20% and for 10 between 20 and 80%. Deviations of more than 50% Table 1 . Long-term average continental groundwater resources (total and per capita) and total water resources as computed by WGHM for the climate normal . Deviation refers to the absolute difference between water resources as computed with either one of the two precipitation data sets and the ensemble mean value, in percent of the mean.
Continent
Total occurred in case of the arid countries Kuwait, Qatar, Saudi Arabia and Western Sahara (Appendix B). At continental and global scales, the uncertainty of groundwater recharge due to the two different data sets becomes insignificant, except for the dry Australia and Oceania (Table 1) .
For all land areas of the Earth, excluding Antarctica, groundwater recharge and thus renewable groundwater resources are estimated to be 12 666 km 3 /yr, while the continental values range from 404 km 3 /yr for Australia and Oceania to 4131 km 3 /yr for South America (Table 1) . Appendix B lists average groundwater recharge in 165 countries with an area of more than 10 000 km 2 .
To estimate the renewable groundwater resources that are potentially available for humans in a specific area, groundwater recharge is divided by the population of this area. The ideal spatial unit for this computation corresponds to the lateral extent of the shallow aquifer which stores the groundwater recharge or the extent of a deep aquifer which is hydraulically connected to the recharge. However, the required spatial information about the groundwater bodies is not available at the global scale. River basins, which are considered to be the most appropriate spatial scale for surface water flow assessments, are not appropriate spatial units for assessing groundwater resources as aquifer boundaries do not necessarily correspond to river basins boundaries. In the case of non-local aquifers, a 0.5 • grid cell is too small a spatial unit, because in many aquifers, a groundwater well in one cell draws water that is hydraulically connected to water in many more cells. Thus, to give an impression of the global distribution of groundwater resources per person, the average values for countries, or, in the case of eleven large countries (Argentina, Australia, Brazil, Canada, China, India, Kazakhstan, Mexico, Mongolia, Russia and USA), for the first level of subnational units are shown in Renewable groundwater resources, at that scale of aggregation, range from 8 m 3 /(capita yr) for Egypt to more than 1 million m 3 /(capita yr) for the Falkland Islands. Please note that recharge from surface waters to the groundwater is not counted as groundwater resources here. All countries in Northern Africa and the Near East except Libya have average per-capita groundwater resources of less than 500 m 3 /(capita yr). Even humid countries can have per-capita groundwater resources below 1000 m 3 /(capita yr) if population density is high, like The Netherlands, Vietnam, Japan or Germany. Per-capita renewable groundwater resources for countries are tabulated in Appendix B. Figure 6 shows that except for Canada and Australia per-capita groundwater resources vary strongly within the large countries that were subdivided. In the USA, the lowest values occur in the Southwest, while in Mexico, the northern parts and the densely populated states in the central part show the smallest per-capita groundwater resources. In Brazil, the difference between the water-rich and population-poor Amazon basin and the rest of the country becomes visible. In Argentina, only the semi-arid western states have low percapita groundwater resources because the semi-arid south- ern states have low population densities. In Russia, Mongolia, Australia and Canada, population density dominates the spatial pattern. Of the large countries, India has the lowest per-capita groundwater resources, with 273 m 3 /(capita yr) on average (Appendix B), while most federal states are below 250 m 3 /(capita yr). The average value for China is 490 m 3 /(capita yr), but some densely populated northern states as well as the semi-arid Northwest show per-capita groundwater resources below 250 m 3 /(capita yr).
In 2000, average per-capita groundwater resources were 2091 m 3 /(capita yr) globally (Table 1) . Australia and Oceania, due to the low population density, shows the highest continental value, while Asia has the lowest value due to its high population density, even though it is the continent with the second highest groundwater resources (in km 3 /yr) ( Table 1) .
Groundwater recharge as compared to total runoff
Net cell runoff (Sect. 2.1.1) is the best estimate of total water resources of a cell. It includes runoff from land, lakes and wetlands, and it takes into account the decrease of runoff due to evapotranspiration from open water surfaces. Therefore, under semi-arid conditions, net cell runoff can be less than zero if water flows into the cell's lakes and wetlands from upstream. Net cell runoff is equal to the internally renewable , as computed by WGHM (ensemble mean using GPCC/CRU precipitation).
water resources of the cell if consumptive water use in the cell and upstream has been set to zero in the model run. Figure 7 shows the global distribution of net cell runoff for the case of no consumptive water use. Total and continental values of total renewable water resources are listed in Table 1 .
Compared to values of Döll et al. (2003) , net cell runoff is significantly higher in most northern snow-dominated areas (Canada, Scandinavia, Siberia) due to the precipitation correction applied here. This is the main reason that the global estimate of total water resources, 39 414 km 3 /yr, is 7% larger than the value presented in Döll et al. (2003) . Besides, the spatial pattern of runoff is more varied than before, particularly in Siberia where many more river discharge stations have been available for tuning WGHM version 2.1f.
Total internally renewable water resources of a country are equal to the sum of net cell runoff of all cells within the country. They can be smaller than the groundwater resources, or even negative. The latter is the case in Botswana, Egypt and Malawi, where more water evapotranspirates from land, wetlands and lakes than falls as precipitation inside the country (Appendix B). The groundwater resources of Chad, Iraq, Mali, Senegal, Sudan, The Gambia, Uganda and Zambia are larger than the total internally renewable water resources (Appendix B) due to evaporation of external water from open water surfaces. In the above countries as well as other semi-arid countries that are strongly affected by evaporation from surface waters (e.g. Azerbaijan, Burkina Faso and Central African Republic), groundwater use may have the potential to decrease evaporation from surface waters and thus to increase total water resources. With 86 and 74%, The Netherlands and Denmark are the countries with the largest percentage of groundwater recharge (not caused by evapotranspirative losses from lakes and wetlands), followed by Poland and The Republic of Congo, with values over 70% (Appendix B). 21 countries have ratios between 50 and 70%, and 13 dry countries as well as Greenland, Svalbard, Nepal and Bhutan have ratios below 15% (Appendix B).
Globally, 32% of the total water resources are groundwater resources (Table 1) . Asia and North and Central America are the continents with the smallest percentage (25%), while in Africa groundwater resources account for 51% of the total water resources. As explained above, this is mainly due to evaporative losses from open water surfaces which decreases total water resources and thus increases the percentage of groundwater resources.
Groundwater recharge as a fraction of total runoff from land (GWRF) is analyzed to identify areas where water resources are relatively vulnerable to pollution and seasonal and inter-annual flow variability because a relatively large part of runoff rapidly drains to surface waters. Total runoff from land is the sum of groundwater recharge and fast surface and subsurface runoff (Fig. 1) and does not include evapotranspiration from surface water. GWRF is equal to the baseflow index if all groundwater recharge reaches the river. GWRF ranges from 0 to 0.95 at the scale of grid cells (Fig. 8) . Regions with GWRF of more than 0.7 include plains in Europe and the Asian part of Russia, and some other lowland areas scattered around the globe. GWRF below 0.3 occur in most semi-arid and arid regions, except those with a fine soil texture (which is due to the groundwater recharge algorithm applied in WGHM, Sect. 2.1.2), in mountainous areas like the Alps or the Ural, in the Arctic (due to permafrost) and in the Asian monsoon regions, where only a small part of heavy precipitation serves to recharge the groundwater. These regions are particularly vulnerable to seasonal and inter-annual precipitation variability and water pollution. (2005), in mm/yr. With the modified groundwater recharge algorithm for semi-arid areas (right), the bias towards an overestimation of groundwater recharge in "semi-arid" countries (left) is almost eliminated. Here, countries are called "semi-arid" if more than 34% of the country's cells are semi-arid.
Quality of computed groundwater recharge estimates
While the quality of simulated river discharge can be assessed easily by comparison to discharge as observed at gauging stations, it is much more difficult to assess the quality of simulated groundwater recharge, as groundwater recharge cannot be measured directly, and there are no longterm observations at all. Thus, a quality assessment of simulated groundwater is hampered by the generally high uncertainty of independent estimates of groundwater recharge (compare Sect. 1).
Comparing simulated grid cell groundwater recharge with estimates of groundwater recharge from chloride profiles in semi-arid areas, we concluded that WGHM computes an unbiased estimate of groundwater recharge under semiarid conditions (Fig. 3) . A comparison against estimates of groundwater recharge in countries is possible, as FAO (2005) provides estimates for 157 countries. However, most of these values cannot be considered to be reliable, as they are not based on measurements or well-founded computations (see discussion in Sect. 1), such that they are only a very weak basis for model validation. Comparing simulated groundwater recharge with the independent estimates in Fig. 9 , it can be seen that modification of the groundwater recharge algorithm for semi-arid areas almost eliminates the bias towards an overestimation of groundwater recharge in "semi-arid" countries (70 out of the 157 countries). Here, countries are called "semi-arid" if more than 34% of the country's cells are defined as semi-arid in this investigation (comp. Sect. 2.1.2). The modification of the WGHM groundwater recharge algorithm reduces simulated total groundwater recharge in semi-arid countries that are included in the FAO (2005) data set from 3690 to 3305 km 3 /yr, as compared to 3229 km 3 /yr according to FAO (2005) . Modeling efficiency (or Nash-Sutcliffe coefficient; Janssen and Heuberger, 1995) remains low, even though it improves from 0.16 to 0.20 for recharge in mm/yr (and from 0.89 to 0.90 for recharge in km 3 /yr).
The analysis of modeling efficiency obviously relies on the highly uncertain estimates of groundwater resources per country by FAO (2005) . For Finland, Germany and the USA, FAO estimates were replaced in Fig. 9 . Average groundwater recharge for Finland of 85 mm/yr (Lavapuro et al., 2007) appears to be more realistic than the FAO value of 7 mm/yr (given a precipitation of 660 mm/yr), and for Germany the recently derived value of 135 mm/yr (Jankiewicz et al., 2005) was used instead of the FAO-value of 128 mm/yr. For the USA, the WRI (2000) value replaced the FAO (2005) value as the latter is twice as high as the first (and the WGHM value). In FAO (2005) , this value is related to a total runoff value that is equal to 54% of total precipitation, while the computed WGHM total runoff, which is bounded by many discharge observations, is only 37% of precipitation. However, there remain many countries for which the independent estimates of groundwater resources seem to be unrealistic. One example is the United Kingdom, with groundwater resources according to FAO (2005) of only 40 mm/yr, as compared to 590 mm/y surface water resources, whereas WGHM computes groundwater resources of 322 mm/yr and total water resources of 792 mm/yr. While for Brunei Darussalam, with a precipitation of 2700 mm/yr, groundwater recharge is estimated at only 17 mm/yr by FAO, for Réunion, with a comparable precipitation of 3000 mm, FAO provides an estimate of 1056 mm/yr.
For the 87 humid countries, modeling efficiency is 0.11 for recharge in mm/yr (0.86 for recharge in km 3 /yr), whereas the overall modeling efficiency for all countries is 0.33 (for mm/yr) and 0.87 (for km 3 /yr). Of the countries with a groundwater recharge of more than 100 km 3 /yr, computed and independent estimates differ by less than 10% in case of Argentina, Cameroon, Colombia, Myanmar, Peru, Russia and USA. WHGM overestimates the independent estimates by more than 10% in case of Bolivia, Brazil, Canada, Democratic Republic of Congo, and Indonesia, and underestimates them in case of Chile, China, Guyana, India, Mexico, Philippines, and Republic of Congo. In conclusion, WGHM can certainly not explain the independent groundwater resources estimates, but it is not clear to what extent this is equal to not being able to model reality. Possibly, the soil texture-specific maximum groundwater recharge values (infiltration capacity) in Eq. (1) and Table A1 should be increased considering that groundwater recharge in most monsoon countries is underestimated (but overestimated in Indochina and Indonesia). Simulated groundwater recharge in those humid countries that are included in the FAO data set is 8912 km 3 /yr, as compared to 7299 km 3 /yr according to FAO. Computed global groundwater recharge of 12 666 km 3 /yr (Table 1) is 10% larger than the value estimated by L'vovich (1979) by a global-scale baseflow analysis for almost 1500 rivers (800 of them in the former Soviet Union). However, no discharge data had been available to L'vovich for 80% of South America, 20% of Africa (not counting the Sahara and the Kalahari), 60% of Australia (not counting the desert), and some parts of Asia and Canada.
For Germany, computed long-term average groundwater recharge at the scale of 0.5 • grid cells can be compared to values that were obtained by multiple regression with a spatial resolution of 1 km by 1 km, using baseflow as derived from 106 observed hydrographs (Jankiewicz et al., 2005) . For the whole of Germany, average groundwater recharge and total runoff from land are 135 mm/yr and 327 mm/yr (Jankiewicz et al., 2005) vs. 201 mm/yr and 316 mm/yr (WGHM), respectively. Average baseflow coefficients are 0.41 (Jankiewicz et al., 2005) and 0.64 (WGHM). Thus, both average groundwater recharge and baseflow coefficient for Germany are overestimated by WGHM. In particular, groundwater recharge in the wet northwestern part is overestimated (Fig. 10) . This may originate from the fact that artificial drainage for agricultural purposes, which increases fast subsurface runoff, is not taken into account by WHGM but by Jankiewicz et al. (2005) . Besides, groundwater recharge in the eastern part of Germany is overestimated which is partially due to an overestimation of total runoff particularly in the North, and partially to higher baseflow indices in WGHM. Baseflow indices (BFI) of Jankiewicz et al. are mainly in the range of 0.5 to 0.75 (Jankiewicz et al., 2005, their Fig. 10 ) while BFIs of WGHM are mainly in the range of 0.75 to 0.95. Besides, Jankiewicz et al. (2005) reduced groundwater recharge where distance to groundwater is small, i.e. in floodplains (Fig. 10a) .
The larger WGHM BFIs, however, fit well to the values of Haberlandt et al. (2001) who derived BFIs for the German Elbe basin, which covers most of eastern Germany. Haberlandt et al. (2001) also regionalized BFIs by multiple regression. For most subbasins in the central and northern Elbe basin, they obtained BFIs>0.8 (Fig. 11 in Haberlandt et al., 2001) . The difference of BFIs between Haberlandt et al. (2001) and Jankiewicz et al. (2005) are most likely due to the different methods of deriving baseflow that serves as the basis for multiple regression and regionalization. While Jankiewicz et al. (2005) used an automatic method for hydrograph separation based on daily river discharge, Haberlandt et al. (2001) used baseflow as computed by two models which simulated discharge in 25 small subbasins of the Elbe in a satisfactory manner. While WGHM underestimates the baseflow indices of Jankiewicz et al. (2005) in the Elbe river basin, WGHM baseflow indices are similar to those of Haberlandt et al. (2001) . P. Döll and K. Fiedler: Global-scale modeling of groundwater recharge Finally, WGHM baseflow coefficients for Southern Africa are compared to baseflow indices from hydrograph separation at discharge observation stations in Southern Africa, mapped onto the pertaining basins (Bullock et al., 1997, their Fig. 4.35) . However, on their figure, the basin outlines cannot be recognized such that it is not possible to show the corresponding pattern of average WGHM baseflow indices for the basins. Figure 11 shows how the baseflow indices as computed for individual grid cells by WGHM compare to the average basin BFIs of Bullock et al. (1997) . The colors of small polygons can be compared most directly, while for larger polygons, the grid cell values within the polygon must be averaged. The spatial pattern of BFI on both maps is somewhat consistent, with values below 0.1 in the westernmost basins in Namibia and values between 0 and 0.3 in southern and eastern central South Africa. Towards the more humid North, in Angola and Zambia, both maps show larger BFI values, but WHGM values remain between 0.6-0.8 while the Bullock et al. values are above 0.8.
Groundwater recharge as computed by WGHM (using GPCC precipitation data) has been included in WHYMAP Global Map of Groundwater Resources (with some smoothing for cartographic reasons). During the map development process, groundwater recharge values were commented on by more than 30 groundwater experts from all around the globe (W. Struckmeier, personal communication, 2008) . As a result, the depicted groundwater recharge was increased in two karst areas in former Yugoslavia and in Mexico. Otherwise, the experts did not identify, in the regions they were familiar with, any divergences from the groundwater recharge values they considered plausible.
Conclusions
The global 0.5 • by 0.5 • data set of long-term average groundwater recharge presented here is unique in that it combines state-of-the-art global scale hydrological modeling with independent information on small-scale groundwater recharge in semi-arid and arid areas in an ensembles approach which takes into account and quantifies the uncertainty due to available precipitation data. Basin-specific tuning of the Water-GAP Global Hydrology Model WGHM against river discharge at 1235 stations world-wide helps to compute reasonable estimates of total runoff from land. Inclusion of a large number of spatially variable climatic and physio-geographic characteristics (including land cover, soil water holding capacity, soil texture, relief, hydrogeology, permafrost/glacier) allows a well-founded estimate of groundwater recharge distribution. Consideration of reliable information on long-term average groundwater recharge at selected semi-arid locations world-wide made it possible to obtain an unbiased estimate of groundwater recharge in semi-arid areas. Finally, using the mean of two groundwater recharge estimates as obtained by applying two different and equally uncertain global precipitation data sets make the resulting groundwater recharge data set more robust, while at the same time uncertainty estimates are provided.
Due to the scarcity of reliable independent information on groundwater recharge at all scales, but particularly at the scale of countries or subnational units, it is difficult to judge how well the computed groundwater recharge estimates correspond to reality. In particular, a comparison to country estimates of groundwater resources as compiled by FAO (2005) does not help. In most cases the method of estimation is unknown and likely to be very rough, while in P. Döll and K. Fiedler: Global-scale modeling of groundwater recharge 877 some cases the listed renewable groundwater resources are obviously not defined as being equivalent to groundwater recharge. A comparison of independent estimates of groundwater recharge or rather baseflow coefficients that were derived using well-founded scientific methods (Jankiewicz et al., 2005; Haberlandt et al., 2005) showed that uncertainty of baseflow estimation from river discharge may lead to significantly different estimates of meso-scale baseflow indices and thus groundwater recharge. At the global scale, WGHM would overestimate groundwater recharge by about 10-20% if the base-flow derived estimates of L'vovich (1979) and the FAO country values were to be trusted.
A problem with the WGHM groundwater recharge estimation method is that there are sharp boundaries between semi-arid/arid and humid zones which lead to rather abrupt reductions of computed groundwater recharge at the boundaries. In semi-arid zones close to the boundaries groundwater recharge may be underestimated (unless soil texture is fine).
In the future, artificial drainage will be taken into account based on a global data set of artificially drained agricultural areas (spatial resolution 0.5 • ) because groundwater recharge is reduced in these areas. According to the data set of Feick et al. (2005) , 1.67 million km 2 are drained world-wide, i.e. 1.2% of the global land area without Greenland and Antarctica. Further validation and improvement of the WGHM groundwater recharge model requires an increased number of reliable estimates of groundwater recharge. A large number of independent estimates of smallscale groundwater recharge in semi-arid areas, compiled by Scanlon et al. (2006) , will be evaluated. Validation and improved modeling of groundwater recharge in humid areas is hampered by uncertainties of hydrograph separation.
The presented diffuse groundwater recharge estimates can be regarded as renewable groundwater resources. It is important to note, however, that exploitation of the total groundwater recharge of an aquifer is not possible without very strong impacts on ecosystems and other water users. Withdrawal of a sizeable part of the groundwater recharge already leads to significant drawdown of the water table, with ensuing consequences e.g. for wetlands, and a decrease of streamflow. Thus groundwater recharge is the uppermost limit of sustainably exploitable groundwater resources. Appendix A
Description of factors in the groundwater recharge model of WGHM
The following sections describe how the factors in the groundwater recharge model as given by Eq. (1) have been quantified, providing methods and data sources.
A1 Relief
Based on the GTOPO30 digital elevation model with a resolution of around 1 km (USGS EROS data center), IIASA produced a map of slope classes with a resolution of 5 min (data provided by Günther Fischer, February 1999) which includes the fraction of each cell that is covered by a certain slope class. Seven slope classes are distinguished (Table A1 ). The 5-min-map was aggregated and mapped onto the 0.5 • ×0.5 • land mask, such that the percentage of each slope class with respect to the total land area of each 0.5 • cell is produced. An "average relief" r avg , ranging from 10 to 70, is computed as
slope class i * 10 * frac i (A1) frac i = areal fraction of slope class i within the 0.5 • cell. The relief-related groundwater recharge factor f r for each slope class is given in Table A1 . For each cell with an average relief r avg , the respective value for f r is obtained by linear interpolation.
A2 Texture
Soil texture does not only determine the factor f t in Eq. (1), but also the maximum infiltration rate R g max . Soil texture is derived from the FAO Digital Soil Map of the World and Derived Soil Properties (FAO, 1995) . The digital map shows, for each 5 ′ by 5 ′ raster cell, the soil mapping unit. For each of the 4931 soil mapping units, the following information is provided: -names of up to 8 soil units that constitute the soil mapping unit -the area of each soil unit in percent of the total area of the soil mapping unit -the area of each soil unit belonging to one of three texture classes and to one of three slope classes
The soil texture provided by FAO is only representative for the uppermost 30 cm of the soil. We assigned a texture value of 10 to coarse texture, a value of 20 to medium and a value of 30 to fine texture (Table A2 ). Based on the FAO information, an areally weighted average texture value was computed for the 5 ′ cells, which was then averaged for land area of each 0.5 • cell. For the following soil units, texture was not given: dunes, glacier, bare rock, water, and salt. The texture value of dunes was set to 10. All other four soil unit types were not taken into account for computing the areal averages (the bare rock extent in the FAO data set appears to be much too small). Therefore, in a cell with e.g. 20% water or bare rock, the texture value of the cell is 15 if 40% of the area is covered with coarse soils and 40% with medium soils. If the total cell area is water, the texture value is set to 0; if it is bare rock or glacier (only very few cells), the texture value equals 1. In these cases, surface runoff is assumed to be equal to total runoff. For some cells (Greenland and some islands), no texture data are provided by FAO. In this case, the texture was assumed to have a texture value of 20.
A3 Hydrogeology
A global hydrogeological map does not exist. Only for Europe and Africa, there are hydrogeological maps, which, however, use very different classifications. The Hydrogeological Map of Pan-Europe (RIVM, 1991) distinguishes among areas with good, modest, poor and no hydraulic conductivity. A hydrogeological map of Africa (UN, 1988) was derived from a geological map and only gives information on porosity but not on the more important hydraulic conductivity. A map of groundwater resources in Africa (UNDTCD, 1988) provides additional information on extensive unconfined and confined sedimentary aquifers and local, fragmented fractured aquifers. On the global scale, only geological maps do exist. The digital Generalized Geological Map of the World (Canadian Geological Survey, 1995) provides, on a scale of 1:35 million, information on the rock type and the rock age. Rock type classes are "mainly sedimentary", "mainly volcanic", "mixed sedimentary", "volcanic and volcaniclastic plutons", "intrusive and metamorphic terranes", "tectonic assemblages, schist belts and melanges", "ice cap (Greenland)". From this map, the dominant rock type and rock age for the land area of each 0.5 • ×0.5 • cell was assigned to the respective cell.
However, this rock type classification is not very helpful for estimating where groundwater recharge is relatively high and where not, as rock type classes only show a low correlation with the hydraulic conductivity of the rock. In particular, sedimentary rocks include both sands and clays, which have extremely different hydraulic conductivities. For nonsedimentary rocks, the degree of fracturing is decisive for the hydraulic conductivity, and this information is not given either. For Europe, the rock types in combination with the rock ages were compared to the Hydrogeological Map of PanEurope. It appears that all rock types except the type "mainly sedimentary" correlate to some degree with areas of poor or no hydraulic conductivity. The "mainly sedimentary" rock type corresponds mainly to good or modest hydraulic conductivity if the rock age is either Cenozoic or Mesozoic. Paleozoic sedimentary rocks can have any hydraulic conductivity, while Precambrian sedimentary rocks mostly have poor or no permeability. Based on this comparison to the Hydrogeological Map of Pan-Europe, only a very rough classification of hydrogeological units relevant for groundwater recharge appears to be appropriate (Table A3 ). This classification was checked against the maps for Africa, and no systematic error became apparent.
High temperature and precipitation enhances weathering. Therefore, groundwater recharge is assumed to be higher in warm and humid climates. The aquifer-related recharge factors f a are modified based on the long-term average annual temperature and precipitation in each cell (Table A3).
A4 Permafrost and glaciers
It is assumed that there is no groundwater recharge in the case of permafrost and glaciers. Therefore, a data set was produced that provides the percentage of the land area of each cell that is underlain by permafrost or covered by glaciers. The higher this percentage is the smaller is the fraction of total runoff that recharges the groundwater. Brown et al. (1998) provide digital data for the extent of permafrost on the Northern Hemisphere, including information on glaciers in North America and the Arctic islands (like Spitzbergen and Nowaja Semlja). Table A4 lists the five classes of permafrost extent according to Brown et al. (1998) . To each of the five classes, an exact percentage of the area affected by permafrost C pg was assigned, and f pg was set to (100-C pg )/100. For North America and the Arctic islands, some map units within permafrost areas are not assigned to any permafrost extent class but are classified as glaciers. However, on the rest of the map, e.g. in Norway or in the Himalayas, no information on glaciers is given, and the permafrost areas are continuous. The glacier areas in North America and the Arctic islands were assigned a value of C pg =100%.
The permafrost map was rasterized on a grid of 1/18 • ×1/18 • , each cell being assigned to one of the five classes in Table A4 or to the class "glacier". Then, the areal percentage of permafrost and glacier coverage within each 0.5 • cell was determined as the average of the C pg -values of the 1/18 • ×1/18 • cells that are land cells on Brown et al. (1998) 
For the Southern Hemisphere, no reliable maps of permafrost areas could be found, which is due to the sporadic occurrence of permafrost and the little research done. Thus, the impact of permafrost on groundwater recharge was neglected for the Southern Hemisphere.
In the next step, the glacier coverage for the land areas outside North America and the Arctic was added. The glacier coverage was derived from the World Glacier Inventory (Hoelzle and Haeberli, 1999) ; in this inventory, the approximate location of the center of each glacier and its areal extent is provided. Glaciers with an areal extent of at least 1 km 2 were taken into account, which resulted in 8998 glaciers globally (outside North America and the Arctic islands, and not considering Greenland and the Antarctic). For each 0.5 • cell, the areal extents of all glaciers located within the cell were summed up. When a cell only has glaciers and no permafrost, the fraction of the glacial area with respect to the total land area of the cells is equal to the value C pg . If there are both permafrost and glaciers (outside North America and the Arctic islands) within a 0.5 • cell, C pg is computed as
A gl = sum of all glacial area in a 0.5 • cell [km 2 ] C pg (permafrost) = average C pg -value due to permafrost A land = land area of 0.5
The factor f pg is assumed to be linearly related to C pg , with f pg =1 if C pg =0% (no decrease of groundwater recharge due to glaciers and permafrost if neither of them occurs) and f pg =0 if C pg =100% (no groundwater recharge if the cell is totally covered by glaciers).
Appendix B Renewable groundwater resources and total renewable water resources of countries as computed by WGHM for the climate normal 1961-1990
The internally renewable water resources of countries are equal to the difference of long-term average precipitation and evapotranspiration within a country. In semi-arid countries, it can be negative if inflow from other countries evapotranspirates within the country. The internally renewable groundwater resources are equal to the groundwater recharge within the countries; they are always positive. In Table B1 , the means of the total and groundwater resources computed with GPCC and CRU precipitation data for are listed together with the percent deviation from the mean (difference between resources as computed with either one of the two precipitation data sets and the ensemble mean value), which shows the uncertainty of the model estimates due to the uncertain precipitation input data. B/A represents groundwater resources in percent of total water resources. In some semi-arid countries, it can be larger than 100% or negative because total water resources are reduced by evapotranspiration from surface water bodies. Only countries with an area of more than 10 000 km 2 are listed. 
